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Abstract 9 
Pesticide spray drift poses health hazards to humans and causes a significant impact on the 10 
environment. In this work the capacity of an ad hoc light detection and ranging (LiDAR) system 11 
to differentiate spray nozzles according to their potential drift risk is evaluated for the first time. 12 
A total of 23 drift potential tests using 10 hollow-cone nozzles were carried out with the sprayer 13 
kept in a static position. Drift potential reduction (DPR) values of between 88.6% and 93.6% were 14 
obtained when comparing standard and drift reduction nozzle types. It was also possible to order 15 
different standard nozzle sizes according to their DPR. The LiDAR signal was correlated with 16 
several droplet size parameters measured by a phase Doppler particle analyzer (PDPA), being 17 
V100 the best indicator. In the four field tests that were performed, the LiDAR system was also 18 
able to differentiate between standard and drift reduction nozzles under real application 19 
conditions, obtaining a DPR of 56.7%. The results of this work demonstrate that the developed 20 
LiDAR system is an advantageous alternative for the assessment of drift potential reduction.  21 
 22 






DPR  drift potential reduction (%) 26 
DPRlidar  drift potential reduction based on LiDAR measurements (%) 27 
DPRV100  drift potential reduction based on V100 (%) 28 
DRN drift reduction nozzle 29 
DVx volume diameter, indicates that the x (% of the spray volume) is in smaller 30 
droplets (µm) 31 
PDPA  phase Doppler particle analyzer 32 
Slidar  normalized LiDAR signal 33 
STN  standard nozzle 34 
Vx   volume fraction of droplets smaller than x µm in diameter (%) 35 
 36 
1. Introduction 37 
During pesticide spraying operations, part of the product is carried out of the target area by the 38 
action of air currents, giving rise to spray drift. This is a primary source of pollution and presents 39 
significant risks to health and to the environment (EPA, 2018). Numerous studies have evaluated 40 
the exposure of spray drift on ecosystems (de Jong et al., 2008), on water bodies (Zhang et al., 41 
2018), on agricultural workers (De Schampheleire et al., 2007) and on bystanders and residents 42 
(Butler Ellis et al., 2017b). In addition, drift can be transported long distances or can even occur 43 
once the application is completed (indirect drift). The amount, concentration and toxicity of the 44 
pesticide applied are major factors that affect the spray drift impacts (Damalas, 2015). 45 
Spray drift is affected by a multitude of mechanisms including the meteorological conditions, the 46 
application technique, spray characteristics, the equipment used, the target crop and the operator 47 
skills (Gil and Sinfort, 2005; Heidary et al., 2014). It is essential to develop drift assessment 48 
methods that make it possible to understand these mechanisms (Felsot et al., 2010) and facilitate 49 




should also be able to classify each spraying technology according to their spray drift potential 51 
(Gil et al., 2015).  52 
Among current assessment methods (Nuyttens et al., 2010), it is possible to distinguish between 53 
those based on the field measurement of spray drift under real application conditions (ISO 54 
22866:2005), and those based on determining drift potential under controlled conditions, either 55 
through wind tunnels or using droplet size characteristics. With regard to field measurements, 56 
systematic measurements were taken in Germany (Ganzelmeier et al., 1995; Rautmann et al., 57 
2001) and in the Netherlands (Holterman et al., 1997; Holterman et al., 2017), obtaining 58 
prediction models that allowed the establishment of a relationship between drift percentage and 59 
distance. It should be noted that these models respond to specific application conditions and 60 
cannot be directly extrapolated to other geographical environments with different weather 61 
conditions and crops (Bueno et al., 2017). Field spray drift studies are generally carried out using 62 
in situ collectors and tracers (Garcerá et al., 2017). These are complex, time-consuming and labor 63 
intensive experiments and the results are affected by meteorological factors (Gil et al., 2018; Otto 64 
et al., 2015; Torrent et al., 2017). 65 
In laboratory tests, the aim is to evaluate the spray drift potential, which is defined as the 66 
percentage of the initial sprayed volume that is carried downwind as airborne spray (ISO 67 
22856:2008). Drift potential can be evaluated by spraying with a nozzle placed inside a tunnel 68 
and measuring the resulting drift by using collectors (Ferguson et al., 2015; Nuyttens et al., 2009). 69 
Wind tunnels allow drift measurements to be taken in controlled and repeatable conditions. In this 70 
context, Butler Ellis et al. (2017a) studied the capacity to predict the spray drift reduction from 71 
the relationship between wind tunnel and field measurements.  Despite these advantages, the 72 
limited dimensions of tunnels entail that complete spray drift studies cannot be performed. As an 73 
alternative to wind tunnel measurements, Balsari et al. (2007) developed a test bench for the drift 74 
potential assessment of boom sprayers (ISO 22401:2015). This test bench has been used to 75 




potential (Gil et al., 2014; Nuyttens et al., 2017) and has been recently contrasted with field spray 77 
drift measurements (Grella et al., 2019).  78 
Spray drift potential can also be indirectly evaluated from the droplet size distribution. It is widely 79 
known that smaller droplets present a greater tendency to drift (Taylor et al., 2004). In this respect, 80 
Zande et al. (2008) conducted a classification of different nozzles in four drift reduction classes 81 
based on V100. Determination of spay droplet size is usually carried out in the laboratory under 82 
controlled conditions using laser light diffraction techniques or phase Doppler particle analyzers 83 
(Miller, 2014). However, with these techniques only the nozzle is evaluated. It should also be 84 
borne in mind that field measurements of spray drift using the same nozzles and working pressure 85 
can vary by a factor of 10 due to weather conditions (Nuyttens, 2007). 86 
The light detection and ranging (LiDAR) technique has also been used for drift measurement in 87 
aerial spraying applications (Hiscox et al., 2006; Hoff et al., 1989; Stoughton et al., 1997). Unlike 88 
passive collectors, which only provide punctual and time-integrated information, LiDAR systems 89 
allow real-time range-resolved measurements of spray drift. The technique required is simple and 90 
fast, since a single operator can carry out the LiDAR measurements without the need for further 91 
chemical analyses. A good agreement between LiDAR and collector measurements has been 92 
found in previous spray drift studies (Gregorio et al., 2014; Khot et al., 2011). Despite these 93 
benefits, the currently available LiDAR systems are not suitable for drift measurements because 94 
they are typically complex and expensive instruments designed for atmospheric research. 95 
In order to overcome these limitations, the Research Group in AgroICT & Precision Agriculture 96 
of the Universitat de Lleida has developed an ad hoc LiDAR system for the measurement of 97 
pesticide spray drift (Gregorio et al., 2015). It is a compact, easily transportable and eye-safe 98 
instrument, more affordable than conventional atmospheric LiDAR systems. The developed 99 
prototype has been field tested (Gregorio et al., 2016), obtaining high coefficients of 100 
determination (R2>0.85) when comparing LiDAR measurements with tracer depositions in 101 




the system to differentiate spray nozzles according to their drift potential reduction (DPR). To 103 
this end, 23 drift potential tests and 4 field tests were carried out, where the effects of nozzle type 104 
and nozzle size were studied. 105 
 106 
2. Materials and methods 107 
2.1. Spray drift potential tests 108 
Two types of spraying tests were carried out, drift potential tests and field measurements of the 109 
spray drift under real application conditions. The drift potential tests are described in this section, 110 
while the field tests will be presented in Section 2.2. 111 
The drift potential tests were conducted at the School of Agrifood and Forestry Science and 112 
Engineering (lat. 41.6294770N, long. 0.5962083ºE, elev. 189 m) of the Universitat de Lleida, 113 
Spain. An air-assisted sprayer (Teyme Eolo 2091, Teyme Tecnología Agrícola SL, Torre-Serona, 114 
Spain) was used, which remained in static position throughout all these tests. Both in this 115 
experiment and in the field tests, the sprayed liquid was tap water. The LiDAR system was placed 116 
at a distance of 50 m from the sprayer (Fig. 1), thus ensuring a full overlap between the emitted 117 
laser beam and the receiver field of view (Measures, 1992). The LiDAR system was aimed almost 118 
horizontally, so the laser beam monitored the airborne spray drift at 6.5 m behind the sprayer. 119 
 120 




As shown in Table 1, a total of 23 drift potential tests were conducted, completing between 3 and 122 
5 repetitions per test (except for tests T4 and T13 with 2 repetitions). The measures were carried 123 
out in three different periods: autumn (November 11, 2015), winter (January 25, 2016) and 124 
summer (July 4, 2017). The goal of the autumn tests (T1 to T6) was to assess the capacity of the 125 
LiDAR system to distinguish the spray drift generated by two different types of hollow-cone 126 
nozzles: standard (STN) Albuz ATR (Solcera, Evreux, France), and drift reduction (DRN) Albuz 127 
TVI. These nozzles were tested at two working pressures (700 and 1000 kPa) and with two fan 128 
speeds. In winter (T7 to T13), a comparative study was made of seven STN of different sizes, at 129 
a pressure of 700 kPa. In all the autumn and winter tests, 5 nozzles on each side of the sprayer 130 
were used, and the laser pulse repetition frequency (i.e. the number of laser pulses emitted per 131 
second) was adjusted to 5 Hz. In these tests, the sequence followed was: (t=0 s) laser emission 132 
starts; (t=10 s) spraying starts; (t=25 s) end of spraying; (t=80 s) end of laser emission. 133 
In the summer tests, the comparison between STN of different sizes was repeated (T14 to T20) 134 
and three additional tests with DRN were performed (T21 to T23). In all these tests, only 5 nozzles 135 
on one side of the sprayer were used, the spraying time was 30 s (from t=10 s to t=40 s), and the 136 
laser pulse repetition frequency was reduced to 1 Hz. 137 




Table 1. Description of the spray drift potential tests. 139 























T2 4 TVI 8003 Blue 700 Low 4.575 
T3 3 ATR 80 Grey 700 High 4.400 
T4 2 TVI 8003 Blue 700 High 4.575 
T5 3 ATR 80 Grey 1000 Low 5.200 










T8 3 ATR 80 Brown 700 Low 1.400 
T9 4 ATR 80 Yellow 700 Low 2.150 
T10 4 ATR 80 Orange 700 Low 2.925 
T11 4 ATR 80 Red 700 Low 4.050 
T12 4 ATR 80 Grey 700 Low 4.400 
















T15 ATR 80 Brown 700 Low 1.400 
T16 ATR 80 Yellow 700 Low 2.150 
T17 ATR 80 Orange 700 Low 2.925 
T18 ATR 80 Red 700 Low 4.050 
T19 ATR 80 Grey 700 Low 4.400 










T22 5 TVI 8002 Yellow 700 Low 3.050 
T23 5 TVI 8001 Orange  700 Low 1.525 
 140 
2.2. Field tests 141 
The goal of this second experiment was to establish guidelines for performing field drift tests with 142 
the developed LiDAR system. The tests were carried out on July 12 and 18, 2017, at a peach 143 
orchard owned by the Institute of Agrifood Research and Technology (IRTA) in Gimenells (lat. 144 




sprayer was used as in the drift potential tests, moving 50 m along the external alley (Fig. 2). The 146 
LiDAR system was aimed horizontally with the laser beam parallel to the first tree row, at a 147 
distance of 6.5 m downwind from its longitudinal axis. The minimum separation between the 148 
LiDAR system and the sprayer was 60 m (at the end of the sprayer displacement), thus ensuring 149 
full overlap. 150 
 151 
Fig. 2. Experimental layout for the field tests. The terms “Start” and “End” refer, respectively, to the positions at 152 
which the sprayer started and ended its displacement. 153 
One of the main difficulties for the LiDAR measurement of spray drift is the presence of dust 154 
suspended in the air as a consequence of fan action and sprayer displacement, which can distort 155 
the resulting signal (Gregorio et al., 2018). To assess this effect, on July 12 dust raised by the 156 
tractor and the sprayer was measured under dry soil conditions (T1) and, after watering the soil, 157 
under wet soil conditions (T2). Three repetitions of each test were completed. In these tests, the 158 
tractor and sprayer were displaced along the external alley with the fan on but without spraying. 159 
On July 18, two spraying tests (F3 and F4) were conducted under wet soil conditions. The STN 160 
ATR 80 Grey and the DRN TVI 8003 were compared (Table 2). The sprayer moved along the 161 
external alley with the fan off. The first tree row was sprayed using 5 nozzles on one side at a 162 
working pressure of 1000 kPa. In all field tests, the LiDAR system measured for 90 s, with a laser 163 




alley, as well as an additional interval to measure the remaining spray drift suspended in the air 165 
after the end of the application. 166 
Table 2. Description of the field tests. 167 





















Wet ATR 80 Grey 
1000 5 Low 5.5 
334 
F4 Wet TVI 8003 Blue 351 
 168 
2.3. LiDAR system 169 
The operation of the LiDAR system is based on the emission of short laser pulses (6 ns) and the 170 
reception of the signal backscattered by the target, which in this case are drift clouds. From the 171 
time elapsed between emission and reception (time-of-flight), it is possible to determine the 172 
distance at which the target is located. The intensity of the backscattered signal gives us 173 
information about the cloud concentration. In emission, the system consists of an erbium-doped 174 
glass laser with a wavelength of 1534 nm and 3 mJ of energy per pulse. Eye-safety is ensured 175 
thanks to the combination of this wavelength with a beam expander. The backscattered energy is 176 
captured by a reflector telescope with an aperture of 80 mm, and through a set of optics it is 177 
focused to an APD optoelectronic receiver. This photodetector module is responsible for 178 
converting the received light into an electrical signal.  179 
As shown in Fig. 3, the optical head, comprised of the emitting and receiving subsystems, is held 180 
by means of a pan & tilt unit and a tripod. The pan & tilt unit allows movements in azimuth and 181 
elevation, providing scanning capability. The electrical signal at the photodetector output is 182 
digitized by using an analogue-to-digital converter (ADC) and directed to a computer where it 183 
can be displayed in real-time. An ad hoc LabView-based software has been developed that allows 184 
not only visualization of the LiDAR measurements but also data storage and full control of the 185 




assembly. The system was designed for the measurement of spray drift clouds up to 500 m, 187 
although solid targets located further than 2 km have been experimentally detected. Its range 188 
resolution is equal to 2.4 m, and the time resolution is adjustable up to a maximum of 0.1 s. A 189 
complete description of this LiDAR system can be found in Gregorio et al. (2015). 190 
 191 
Fig. 3. Picture of the LiDAR system setup during the field tests. The sprayer is shown in the background.  192 
2.4. Nozzle characteristics 193 
A total of 10 Albuz hollow-cone nozzles were used in the tests. Table 3 presents, for each nozzle, 194 
its typology (STN or DRN), the working pressure considered, the main droplet size parameters 195 
(DV10, DV50, DV90, V100 and V200) and the flow rate. DV10, DV50 (or volume median diameter) and 196 
DV90 correspond to the diameter of the drop below which are, respectively, 10%, 50%, and 90% 197 
of the total spray volume. V100 and V200 are the percentage in volume represented by droplets with 198 
a diameter less than 100 µm and 200 µm, respectively. Droplet size distribution was measured at 199 
IRSTEA (Montpellier, France) using a phase Doppler particle analyzer (PDPA, Dantec, 200 
Denmark) according to the ISO 25358:2018, as detailed in Part 1. 201 
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Optical head 
Pan & tilt  
unit 
PC and 




















Flow rate  
(L min-1) Model Type 
ATR 80 Lilac 
STN 700 
57.2 95.3 144.1 54.9 99.1 0.420 
ATR 80 Brown 61.7 105.9 158.1 44.3 97.7 0.560 
ATR 80 Yellow 62.3 113.9 181.4 38.1 93.6 0.860 
ATR 80 Orange 67.9 125.4 196.5 30.0 90.8 1.170 
ATR 80 Red 74.3 139.0 226.3 23.0 83.3 1.620 
ATR 80 Grey 75.2 144.2 240.8 21.9 79.4 1.760 
ATR 80 Green 79.3 151.5 254.0 19.0 75.7 2.000 
TVI 8001 Orange 
DRN 700 
279.3 552.6 841.5 0.3 3.4 0.610 
TVI 8002 Yellow 287.6 534.5 813.2 0.2 2.9 1.220 
TVI 8003 Blue 270.1 493.0 786.0 0.3 3.5 1.830 
ATR 80 Grey STN 1000 70.9 132.9 219.4 26.2 85.8 2.080 
TVI 8003 Blue DRN 1000 277.8 509.7 810.7 0.3 3.3 2.190 
 205 
2.5. Meteorological measurements 206 
The main meteorological conditions (temperature, relative humidity, wind speed and wind 207 
direction) were recorded using a compact ultrasonic weather station (WXH220 model, Airmar 208 
Technology Corporation, Milford, NH, USA). The station was placed 20 m from the sprayer, at 209 
6 m height above the ground. The acquisition frequency was 1 Hz. Table 4 shows a summary by 210 
date of the prevailing meteorological conditions during the tests, indicating the maximum and 211 
minimum values of each of the variables recorded (temperature, relative humidity, and wind 212 
speed). The wind direction remained in all tests within a range of ±30º from the perpendicular of 213 
the laser beam direction, as indicated in Figs. 1 and 2. 214 




Table 4. Summary of the meteorological conditions during the tests. Data is presented by day. 216 
Tests Date Temperature (ºC) Relative humidity (%) Wind speed (m s-1) 
Min Max Min Max Min Max 
T1 – T6 11/11/15 11.80 12.20 88.5 91.0 0.65 0.80 
T7 – T13 1/25/16 9.70 10.95 36.0 49.1 0.90 1.00 
T14 – T23 7/4/17 30.06 35.29 33.0 52.0 1.13 2.01 
F1 – F2 7/12/17 30.60 32.40 41.0 45.5 3.08 5.24 
F3 – F4 7/18/17 31.50 32.20 34.0 36.5 7.00 7.74 
 217 
2.6. LiDAR theoretical basis 218 
The received LiDAR signal was background-subtracted and range-corrected. To determine the 219 
background signal, measurements corresponding to the 10 s prior to the beginning of the spraying 220 
(pre-calibration) were averaged. This background signal includes the solar component, as well as 221 
the backscatter due to molecules (Rayleigh scattering) and aerosols (Mie scattering) present in 222 
the atmosphere. Since the LiDAR signal depends inversely on the square of the distance 223 
(Wandinger, 2005), the received signal was multiplied by this factor in order to compare 224 
measurements corresponding to different ranges. The range-corrected background-subtracted 225 
LiDAR signal S(r,t) received from a distance r at a time t is given in its simplified form by 226 
𝑆(𝑟, 𝑡) = 𝐾 · 𝛽(𝑟, 𝑡) · 𝑇(𝑟, 𝑡) ,    (1) 227 
where: K is the system constant and depends on the characteristics of the instrument used; β(r,t) 228 
is the atmospheric backscattering coefficient, which describes the intensity of the backscattered 229 
light and depends on the particle number concentration in the monitored volume as well as on the 230 
particle backscattering cross section (related to the particle size distribution); and T(r,t) is the 231 
transmissivity term, which indicates the light that is lost in the round trip to r. In the tests presented 232 
in this work, the transmissivity takes values close to one since the monitored spray drift clouds 233 




To be able to quantify the spray drift generated in a test, the integrated LiDAR signal, SInt, is 235 
defined. This fulfills a role similar to the spray drift potential defined by the ISO 22856:2008 236 
standard. In each test, SInt is calculated by integrating the range-corrected background-subtracted 237 
LiDAR signal S(r,t) over the considered range of distances (Rmin, Rmax) and throughout the 238 
duration of the test (tmin, tmax). To allow comparisons between LiDAR measurements from 239 
different tests, the integrated signal is corrected taking into account the total sprayed volume and 240 









 ,    (2) 242 
where PRF is the laser pulse repetition frequency and 𝑉𝑠 = ∑ 𝑞𝑖
𝑛
𝑖=1 · 𝑡𝑎 is the total sprayed 243 
volume, with qi the flow rate per nozzle, n the number of nozzles, and ta the spraying duration. 244 
To avoid dependence on the system constant K, a normalized LiDAR signal Slidar is used in this 245 
work. This parameter is expressed in per unit (p.u.), and can be calculated by dividing the 246 
integrated LiDAR signal, SInt,C, of the spray drift test to be evaluated (candidate test) by the 247 




.     (3) 249 
From the integrated LiDAR signal, SInt, it is also possible to define the LiDAR-based drift 250 
potential reduction DPRlidar (%), that is given by 251 
𝐷𝑃𝑅𝑙𝑖𝑑𝑎𝑟 = (1 −
𝑆𝐼𝑛𝑡,𝐶
𝑆𝐼𝑛𝑡,𝑅
) · 100.     (4) 252 
DPRlidar is expressed as a percentage and allows evaluation of the capacity of the application 253 
equipment to reduce spray drift in relation to the reference sprayer. 254 
 255 
2.7. Data analysis 256 
The DPR was also calculated from the drop size measurements conducted with the PDPA. For 257 




offered by a nozzle, called the candidate (C), with respect to a nozzle established as reference (R), 259 
in accordance with the following expression proposed by Zande et al. (2008), 260 
𝐷𝑃𝑅𝑉100 = (1 −
(𝑉100)𝐶
(𝑉100)𝑅
) · 100 ,    (5) 261 
where (V100)C and (V100)R are the percentage of volume of droplets having a diameter smaller than 262 
100 μm for the candidate and reference nozzles, respectively. 263 
One-way analyses of variance (ANOVA) were performed to assess the effect of the nozzle size 264 
on the integrated LiDAR signal. In case of significant differences, multiple comparisons were 265 
carried out using the HSD Tukey test. Moreover, linear correlation coefficients of Pearson were 266 
obtained to check the relationship between the normalized LiDAR signal Slidar and different 267 
droplet size parameters (DV10, DV50 DV90, V100 and V200). The statistical analyses were carried out 268 
using JMP Pro 12 (SAS Institute Inc., Cary, NC, 1989-2007 for Windows), while the LiDAR 269 
signal processing was made with Matlab® (R2018a, Math Works Inc., Natick, Massachusetts, 270 
USA). 271 
 272 
3. Results 273 
3.1. Effect of nozzle type 274 
The range-time intensity (RTI) plots of Fig. 4 show the time and distance evolution of the 275 
backscattered LiDAR signal corresponding to four tests (T1, T2, T5 and T6) carried out in 276 
autumn. Two nozzle types of similar flow rate (STN ATR 80 Grey and DRN TVI 8003 Blue) 277 
were compared at two different pressures (700 and 1000 kPa). It can be seen that the DRN (Fig. 278 
4c,d) presents a signal an order of magnitude lower than the STN (Fig 4a,b) for both working 279 
pressures. In these graphs, two clouds can also be distinguished, corresponding to each side of the 280 
sprayer.  281 





                                       (a)                                                                                               (b) 
  
                                       (c)                                                                                                         (d) 
Fig. 4. RTI plots comparing nozzle type effect at two working pressures. (a) Test T1: ATR 80 Grey at 700 kPa; (b) 283 
Test T5: ATR 80 Grey at 1000 kPa; (c) Test T2: TVI 8003 Blue at 700 kPa; (d) Test T6: TVI 8003 Blue at 1000 kPa. 284 
Temporal resolution of 0.2 s and range resolution of 2.4 m. Color bar represents range-corrected backscattered signal 285 
(arbitrary units: a.u.). Signal range in (a-b) is 0-2750 a.u.; in (c-d) is 0-400 a.u. 286 
An alternative way to represent the range-corrected LiDAR signal is through range profiles (Fig. 287 
5a) and time profiles (Fig. 5b). The range profiles are obtained by time integration of S(r,t) and 288 
normalizing (dividing) the resulting signal by the laser pulse repetition frequency and by the total 289 
sprayed volume. Similarly, the time profiles are calculated by distance integration, although in 290 
this case the signal is only normalized by the total sprayed volume, since the value of the 291 
accumulated signal at each time 𝑡 does not depend on the laser pulse repetition frequency. 292 
Fig. 5a shows the results of nozzle size comparison tests (STN vs. DRN) carried out in summer 293 
at a pressure of 700 kPa. The pairs of nozzles compared were: ATR 80 Brown and TVI 8001 294 




8003 Blue (T19, T21). As in the autumn comparison (Fig. 4), a difference in intensity signal 296 
between the two nozzle types is clearly observed. The presence of a single peak in the graphs of 297 
Fig. 5 is because, in the summer tests, only the nozzles on one side were operating. 298 
Fig. 5b shows again the tests of the previous RTI plots, but in this case represented in the form of 299 
time profiles of the LiDAR signal. This figure allows to study how the signal was extinguished 300 
once the application finished. It can be seen that in the tests with the DRN (at 700 and 1000 kPa), 301 
and also with the STN at a working pressure of 700 kPa, cloud extinction occurred between 10 302 
and 15 s after the end of the spraying. In contrast, when increasing the pressure of the STN to 303 
1000 kPa, the extinction took about 30 s. 304 
 305 
  
                                       (a)                                                                                               (b) 
Fig. 5. Comparison of nozzle type and pressure effects. (a) Range profile of range-corrected LiDAR returns (normalized 306 
by the laser pulse repetition frequency and the total sprayed volume). Tests compared: T15 vs. T23, T17 vs. T22, T19 307 
vs. T21. (b) Time profile of range-corrected LiDAR returns (normalized by the total sprayed volume). Tests T1, T2, 308 
T5 and T6. 309 
 310 
To quantitatively assess the effect of nozzle type, the normalized LiDAR signal Slidar (reference 311 
test: T1) was used, as well as the spray drift potential reduction (DPRV100 and DPRlidar, defined in 312 
Sect. 2.6 and 2.7) for each pair of nozzles (STN, DRN) with similar flow rates (Table 5). The 313 
resulting Slidar values indicate a 7-16-fold reduction of drift potential when comparing DRN to 314 
STN. In terms of drift potential reductions, DPRV100 values of between 98.76% and 99.44%, and 315 




Table 5. DPR values (%) for nozzle type comparisons (STN vs. DRN). Slidar (per unit) is referred to test T1. 317 












ATR 80 Grey 
700 Low 
1.000 0 0 
T2 TVI 8003 Blue 0.114 98.76 88.57 
T3 
11/11/15 
ATR 80 Grey 
700 High 
0.684 0 0 
T4 TVI 8003 Blue 0.092 98.76 86.55 
T5 
11/11/15 
ATR 80 Grey 
1000 Low 
1.047 0 0 
T6 TVI 8003 Blue 0.129 98.92 87.70 
T19 
7/4/17 
ATR 80 Grey 
700 Low 
0.855 0 0 
T21 TVI 8003 Blue 0.066 98.76 92.25 
T17 
7/4/17 
ATR 80 Orange 
700 Low 
1.172 0 0 
T22 TVI 8002 Yellow  0.075 99.19 93.56 
T15 
7/4/17 
ATR 80 Brown 
700 Low 
1.868 0 0 
T23 TVI 8001 Orange  0.160 99.44 91.46 
 318 
3.2. Effect of nozzle size 319 
This section presents the results obtained when comparing different sizes of STN (Albuz ATR) 320 
at a working pressure of 700 kPa. Fig. 6a shows, for some of the sizes studied (summer tests), the 321 
range profile of the LiDAR signal, while in Fig. 6b the time profiles (winter tests) can be seen. 322 
The results clearly show that the lower the size, the higher the LiDAR signal and, therefore, the 323 
greater the drift potential. This same behavior can be observed in Fig. 7 which shows the 324 
integrated LiDAR signal corresponding to the STN sizes tested in winter (T7-T13) and summer 325 
periods (T14-T20). Moreover, it is noted the existence of significant differences (p-value<0.05) 326 
in the LiDAR signal respect to the nozzle size for both periods. In winter tests, the highest drift 327 
potential corresponds to Lilac and Brown sizes. By contrast, statistically significant differences 328 
where observed between these two and the Yellow size, with a lower drift potential. A third group 329 
is made up of Grey and Green sizes, which presented the lowest drift potential of all tested STN 330 




with respect to Yellow and Green were obtained. A similar trend was observed for the summer 332 




Fig. 6. Nozzle size comparison for the STN type (Albuz ATR) at 700 kPa. (a) Range profile of LiDAR returns (summer 335 
tests: T14, T15, T16, T18 and T20); (b) Time profile of LiDAR returns (winter tests: T7, T8, T9, T11 and T13). LiDAR 336 
signal has been normalized by the total sprayed volume in (a) and (b), and also by the laser pulse repetition frequency 337 






Fig. 7. Integrated LiDAR signal (mean with SE) for different ATR nozzle sizes (winter tests: T7-T13; summer tests: 341 
T14-T20). Also, results from the multiple comparison test are shown with Latin and Greek letters, where different 342 
letters indicate statistically significant differences. 343 
 344 
As in the nozzle type comparison, the normalized LiDAR signal, Slidar, values (reference test: T1) 345 
were computed. The DPRV100 and DPRlidar were also determined, taking as reference the ATR 80 346 
Lilac nozzle. Table 6 allows a quantitative comparison between the results obtained for different 347 
nozzle sizes in the winter and summer tests. 348 
 349 
Table 6. DPR values (%) for nozzle size comparison (reference: ATR 80 Lilac). Winter: tests T7-T13; Summer: tests 350 
T14-T20. Slidar (per unit) is referred to test T1. 351 
Nozzle 





Winter Summer Winter Summer Winter Summer 
ATR 80 Lilac T7 T14 5.547 2.007 0 0 0 
ATR 80 Brown T8 T15 5.002 1.868 19.18 9.84 6.91 
ATR 80 Yellow T9 T16 3.274 1.359 30.55 40.98 32.27 
ATR 80 Orange T10 T17 2.314 1.172 45.34 58.29 41.61 
ATR 80 Red T11 T18 2.094 0.841 58.06 62.25 58.11 
ATR 80 Grey T12 T19 1.750 0.855 60.07 68.46 57.42 
ATR 80 Green T13 T20 1.217 0.716 65.43 78.06 64.33 
 352 
The DPR values increased with nozzle size in all cases, regardless of the methodology used 353 
(PDPA, LiDAR), both for the winter and summer tests (Fig. 8). It should be mentioned, as the 354 
only exception, that the ATR 80 Grey nozzle (in the summer tests) presented a DPRlidar slightly 355 






Fig. 8. Nozzle size comparison (reference: ATR 80 Lilac). For each nozzle, DPRlidar (grey) obtained in winter tests 359 
(T7-T13), DPRlidar (striped) obtained in summer tests (T14-T20), and DPRV100 (white), are shown. 360 
 361 
3.3. Comparison between LiDAR and indirect methods 362 
Table 7 shows the resulting linear correlation coefficients of Pearson between Slidar and different 363 
droplet size parameters (DV10, DV50, DV90, V100 and V200) when considering the following sets: 364 
autumn and winter tests (T1-T13); 2) summer tests (T14-T23); all the tests (T1-T23). V100 365 
presented the highest values for all the three sets, followed by the V200 parameter. Of the three sets 366 
of tests, the highest coefficient of Pearson (R=0.967) was obtained for the summer tests, as these 367 
were carried out on the same day whereas the autumn and winter tests were carried out in two 368 
different periods.  369 
 370 




Table 7. Linear correlation coefficients of Pearson (R) between normalized LiDAR signal Slidar and droplet size 372 
parameters. First column includes tests carried out in autumn and winter (T1-T13); second column corresponds to 373 
summer tests (T14-T23); last column includes all the tests.  374 
 Tests T1-T13 Tests T14-T23 Tests T1-T23 
DV10 (µm) 0.606 0.813 0.591 
DV50 (µm) 0.628 0.822 0.602 
DV90 (µm) 0.647 0.837 0.616 
V100 (%) 0.906 0.967 0.765 
V200 (%) 0.685 0.865 0.643 
 375 
To verify the robustness of the relationship between Slidar and V100, a correlation analysis was 376 
conducted between the DPRlidar and DPRV100 values by considering the results of all comparisons 377 
(Table 5 and Table 6) without distinguishing between nozzle type, nozzle size or meteorological 378 
conditions. In this analysis, all the DPR values were considered together because it is a relative 379 
parameter. A high correlation coefficient of Pearson between DPRlidar and DPRV100 was obtained 380 
(R=0.956).  381 
The LiDAR results were also compared with those obtained in wind tunnel tests carried out by 382 
Torrent et al. (2019). Fig. 9 shows the DPR values based on LiDAR and wind tunnel 383 
measurements (sedimenting and airborne depositions) for 3 STN (ATR 80 Yellow, ATR 80 384 
Orange and ATR 80 Red) and 1 DRN (TVI 8002 Yellow). All of these nozzles were tested at 700 385 
kPa. The DPR values were determined using ATR 80 Lilac as the reference nozzle. Although 386 
these results show a certain difference in magnitude, the same trend can be observed. Thus, it can 387 
be seen how DPR increases with nozzle size for both methods. It should be noted that the wind 388 






Fig. 9. Comparison between DPR values based on LiDAR and wind tunnel methods (sedimenting, H, and airborne 392 
depositions, V) for four different nozzle models. Reference nozzle: ATR 80 Lilac at 700 kPa. 393 
 394 
3.4. Field tests  395 
Fig. 10 shows the RTI plots corresponding to the tests carried out in the field. In a first phase, the 396 
effect of dust suspended in the air was studied in two different situations: dry soil (test F1) and 397 
wet soil (F2). Under dry soil conditions, the terrain characteristics (bare soil), together with the 398 
high temperature (>30ºC) and low humidity (<50%) prevailing during the tests (Table 4), favored 399 
the raise of a large amount of dust. Therefore, the LiDAR signal due to dust (Fig. 10a) was intense 400 
enough to distort the spray drift assessment. In contrast, under wet soil conditions (Fig. 10b), the 401 
signal due to dust sharply decreased (76.76% reduction), allowing the completion of spray drift 402 





                                       (a)                                                                                                  (b)
  
                                       (c)                                                                                                      (d) 
Fig. 10. LiDAR field measurements of dust and spray drift. (a) Test F1: dust raised under dry soil conditions; (b) Test 404 
F2: dust raised under wet soil conditions; (c) Test F3: spray drift, STN ATR 80 Grey at 1000 kPa; (d) Test F4: spray 405 
drift, DRN TVI 8003 Blue at 1000 kPa. Temporal resolution of 1 s and range resolution of 2.4 m. Color bar represents 406 
range-corrected backscattered signal (arbitrary units: a.u.). Signal range in (a-b) is 0-600 a.u.; in (c-d) is 0-5000 a.u. 407 
In a second phase (tests F3 and F4), the effect of nozzle type was evaluated (STN ATR 80 Grey, 408 
Fig. 10c; DRN TVI 8003 Blue, Fig. 10d) at a pressure of 1000 kPa, under wet soil conditions. 409 
The differences in signal intensity between the two nozzle types can be observed, with signal 410 
intensity being considerably higher in the case of the STN. A DPR of 56.67% was obtained from 411 
a comparison between the DRN and the STN, a value lower than that obtained in the T5 and T6 412 
spray drift potential tests (87.70%).  413 
 414 




4. Discussion 416 
In this work, the ability of the LiDAR system to differentiate the spray drift generated by different 417 
nozzle types and sizes has been demonstrated. The LiDAR system, as well as the PDPA, verified 418 
that DRN nozzles present a high DPR when compared to the STN. The differences obtained 419 
between the DPRV100 and DPRlidar values (Table 5), obtained with both methods, can be attributed 420 
to the way in which the two parameters were computed. Thus, while the DPRlidar was based on 421 
direct LiDAR measurements of the spray drift cloud under outdoor conditions, the DPRV100 was 422 
determined under controlled laboratory conditions from an indirect indicator of the drift potential 423 
(V100). 424 
Some of the nozzles used in this work were evaluated in previous studies applying other 425 
methodologies. Zande et al. (2008) classified the TVI 8001 Orange and TVI 8003 Blue nozzles 426 
in the 90% reduction class, using also as reference the ATR 80 Lilac nozzle at 700 kPa. The same 427 
class was obtained in our work when using the LiDAR measurements of these nozzles (T14, T21 428 
and T23), with DPRlidar values of 92.03% and 96.71%, respectively. In another study, Torrent et 429 
al. (2017) used a wind tunnel for the drift potential assessment of the ATR 80 Grey and TVI 8003 430 
Blue nozzles at 1000 kPa, according to ISO 22856:2008, obtaining a DPR of 77.06% for airborne 431 
drift. In our work, the DPRV100 and DPRlidar values were 98.92% and 87.70% (T5 vs. T6, Table 432 
5), respectively. The value obtained using the LiDAR system was therefore in an intermediate 433 
position between the results obtained with the two classical methodologies (wind tunnel, PDPA). 434 
Regarding the nozzle size comparison presented in Fig. 7, the LiDAR system was able to group 435 
the nozzles from the mean values of the LiDAR signal (drift potential) corresponding to the 436 
different nozzle sizes. As shown in Fig. 8, DPR values based on LiDAR increased with the nozzle 437 
size in accordance to the results obtained with the PDPA. The same trend was observed by 438 
Nuyttens et al. (2009) in the case of flat-fan nozzles evaluated by means of wind tunnel tests. 439 
The results shown in Table 7 allows to state that V100 is the droplet size parameter that presents 440 




al. (2011) who, by means of field tests carried out with flat-fan nozzles, determined that the best 442 
spray drift potential indicator is V100. Similarly, Gil et al. (2014) obtained good correlations 443 
between several droplet size parameters and the drift potential values measured by an alternative 444 
methodology and also concluded that the V100 was the best indicator. 445 
Regarding LiDAR field measurements of spray drift, factors such as the sprayer forward speed or 446 
the presence of the crop could explain the resulting lower DPR values compared with those 447 
obtained in drift potential tests. In a previous field experiment, Torrent et al. (2017) also assessed 448 
the same two nozzles using vertical collectors and horizontal collectors according to ISO 449 
22866:2005. The LiDAR measurements can be compared with those obtained with the vertical 450 
collector located at a distance of 5 m from the first tree row. In this case, the DPR value obtained 451 
with the vertical collector (63.82%) is in agreement with the results presented in our study 452 
(56.67%). 453 
The results of this work reveal the capacity of the LiDAR system, compared to in situ collectors, 454 
to measure the time period that the droplets are suspended in the air. This is an important 455 
parameter for drift potential assessment, as the risk of spray drift increases with the period of 456 
suspension (Maybank et al., 1978). Until now, the lack of availability of suitable sensors meant it 457 
was not possible to measure this time. 458 
This study has determined the drift potential reduction values for specific nozzle types and sizes 459 
using a LiDAR system, although not all of them have been verified under field conditions. 460 
Therefore, in future works, it could be interesting to test more hollow-cone nozzle models in tree 461 
crops. The difficulties associated with dust in field measurements can be solved by wetting the 462 
soil prior to the start of a spray drift study. Another way to minimize this disturbance, is to use a 463 
polarization LiDAR system capable of discriminating between dust and spray drift as proposed 464 






5. Conclusions 468 
In this work, LiDAR technology is applied for the first time to compare different spray nozzles 469 
based on their drift potential reduction. In spray drift potential tests, the LiDAR system was able 470 
to differentiate and classify hollow-cone nozzles according to their type (STN, DRN) and size. 471 
Likewise, the drift potential reduction of different STN nozzles was studied, observing a 472 
progressive increase with nozzle size. The ability of the LiDAR system to discriminate between 473 
nozzle sizes with statistical validity was proved. LiDAR measurements were also contrasted with 474 
droplet size parameters, obtaining a good correlation with the V100. An excellent correlation 475 
(R=0.956) was also observed when comparing the drift potential reductions calculated from 476 
LiDAR measurements with those determined from the V100. In addition, LiDAR-based drift 477 
potential reduction values showed a similar trend to those determined in wind tunnel tests for 478 
sedimenting and airborne depositions.  479 
In the field tests, it was shown that the limitation of spray drift LiDAR measurement distortion as 480 
the result of the presence of air-suspended dust can be overcome by wetting the soil before the 481 
start of the test. Moreover, the capacity of the LiDAR system to differentiate between STN and 482 
DRN under real field conditions was verified. 483 
This work demonstrates the capacity of the LiDAR system to evaluate the spray drift potential 484 
reduction and to perform spray drift field measurements, obtaining results comparable to those of 485 
other drift assessment methodologies. LiDAR technology not only enables significant reductions 486 
in time and labor costs, it also allows observation in real time of the behavior of the drift cloud 487 
and, ultimately, an approach to spray drift studies from a more comprehensive perspective. 488 
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